Einstein-Podolsky-Rosen (EPR) steering, a generalization of the original concept of "steering" proposed by Schrödinger, describes the ability of one system to nonlocally affect another system's states through local measurements. Some experimental efforts to test EPR steering in terms of inequalities have been made, which usually require many measurement settings. Analogy to the "AllVersus-Nothing" (AVN) proof of Bell's theorem without inequalities, testing steerability without inequalities would be more strong and require less resource. Moreover, the practical meaning of steering implies that it should also be possible to store the state information on the side to be steered, a result that has not yet been experimentally demonstrated. Using a recent AVN criterion for two qubit entangled states, we experimentally implement a practical steering game using quantum memory. Further more, we develop a theoretical method to deal with the noise and finite measurement statistics within the AVN framework and apply it to analyze the experimental data. Our results clearly show the facilitation of the AVN criterion for testing steerability and provide a particularly strong perspective for understanding EPR steering.
In 1935, Einstein, Podolsky and Rosen published their famous paper proposing a now well-known paradox (the EPR paradox) that cast doubt on the completeness of quantum mechanics [1] . To investigate the EPR paradox, Schrödinger introduced the concept of "steer" [2] , now known as the EPR steering [3] . As an asymmetric concept, EPR steering describes the ability of a system to nonlocally affect the states of another system through local measurements. EPR steering exists between the concepts of entanglement and Bell nonlocality [4] ; these steerable states are a subset of the entangled states and a superset of Bell nonlocal states [3] . A quantitative criterion for realizing EPR steering based on the uncertainty relation has been proposed [5] and experimentally demonstrated [6, 7] , and the steerability of quantum states has been further formulated and characterized by general EPR steering inequalities [8] . This method, which usually requires many measurement settings, has been used to demonstrate the steerability of a class of Bell-local states, where states are still steerable even if they do not violate the Bell inequalities [9] . Recently, a new family of EPR steering inequalities based on entropic uncertainty relations have also been proposed and demonstrated experimentally [10, 11] .
When characterizing Bell nonlocality, the strongest conflict between the predictions of quantum mechanics and the local-hidden-variable theory appears in the socall All-Versus-Nothing (AVN) demonstration [12] , in which the outcomes predicted by quantum mechanics occur with a probability of 0 and with a probability of 1 for the local-hidden-variable theory, and vice versa.
In the AVN demonstration, inequalities are not needed [13, 14] , and so has been used to test nonlocality using a hyperentangled source [15] [16] [17] . An AVN proof for EPR steering was recently proposed for two-qubit entangled states [18] , in which the different pure normalized conditional states (NCS) in one qubit were used as a criterion along with a given projective measurement on the other. According to quantum mechanics, two different pure NCS should be obtained, while the local hidden state (LHS) model predicts that one cannot obtain two different pure NCS when the other qubit is performed by a projective measurement [18] .
There is practical meaning in the concept of steering, which implies that it should be possible to store the state information on the side to be steered. Physically, Bob measures his qubit after receiving the measurement results sent by Alice. However, there has been no related experimental demonstration of this result. Therefore, in this work we propose a practical steering game using quantum memory and experimentally demonstrate it by employing the AVN criterion [18] . The particle to be steered is initially stored in quantum memory. After measurement of the other particle, we can then check the states of the particle in the quantum memory and verify the steerability of the states they shared.
The EPR steering game is shown in Fig. 1 . Two-qubit entangled states are first prepared by one participant, Alice, who claims that these states are steerable. However, the other participant, Bob, does not trust Alice. Alice then starts the game by sending the steerable qubit to Bob through quantum channels, who stores it in quantum memory. To verify steerability, Alice then chooses a measurement direction n to make sure two different pure NCS are collapsed to the particle owned by Bob (denoted as ρ n B ). According to the measurement outcome, Alice tells Bob though classical communication which pure states (|φ B ) he should obtain. Bob then reads the qubit from quantum memory, which is an indispensable part because the qubit through the quantum channel comes earlier than the signal from Alice via the classical channel, and checks it by projecting the qubit into the corresponding states and replies to Alice. The detector D1 is used to detect |φ B with the probabilities denoted by P + and P − according to the outcomes +1 and −1 of Alice, respectively. The detector D2 is used to detect the states that are orthogonal to |φ B , where the corresponding probabilities are denoted by P + and P − which correspond to W 1 and W 2 in Ref. [18] . If two different pure NCS are obtained by Bob, i.e., the values of P + and P − are both equal to 1, and P + and P − are both equal to 0, the entangled states they shared are steerable. In general, there is no reason for Bob to agree with Alice that the initial state they shared is entangled. For example, Alice may cheat Bob, or there could be some sort of environmental disturbance that changes the state properties. To verify the result and rule out the possibility of cheating, Alice and Bob implement a joint measurement. It has been shown that a value of the equation
should further be checked to verify the steerability of the shared states even if two different pure NCS are obtained by Bob [18] . In the equation, W max represents the maximal mean value of the joint operator W = |n ⊥ n ⊥ | ⊗ |n B n B |, with Alice measuring along the n ⊥ direction (perpendicular to n) and Bob measuring along |n B = cos
. Furthermore, the equation
represents the upper bound predicted by the LHS model, where I = 1 2 (| + n +n| + | − n −n|) is the identity operation of n · σ with | ± n being the eigenstates of n · σ and σ = (σ x , σ y , σ z ) representing the vectors of the Pauli matrices. If ∆ > 0, the steering game is verified to be successful; while ∆ ≤ 0 indicates the steering game failed.
However, in practice, the measured states on Bob's side can never be sure to be indeed pure due to the effect of noise and finite measurement statistics. We develop a theoretical method to deal with the experimental errors within the AVN framework [19] . Assuming the values of P + and P − whose results should be both 0 in theory are 1 and 2 , i.e.,
we prove that the shared state is steerable in the case of two settings if the following inequation is violated,
where OB is the length of a Bloch vector predicted by the LHS model, and OG is the corresponding length determined by the experimental results of P + , P − , W max with its probability P D and W which represents the other eigenvalue of the n ⊥ direction relative to W max . The inequation (4) is derived and discussed in detail in the supplementary material [19] . Here we give a short discussion on the main idea of the criterion. According to the definition of steering, if a state is not steerable, then there is a LHS model to describe the conditional states on Bob's side after Alice's measurement. In the case of two measurement settings, it has been proved that four hidden states are enough to simulate the four conditional states on Bob's side [5] . We show that these states can be mapped to states in the X-Z plane of a Bloch sphere. We further show that if there is not a LHS model on an isosceles trapezoid to represent the symmetrical conditional states, then there is not LHS model for the four conditional states on Bob's side. As a result, according to the geometry relationship between the states in the X-Z plane (corresponding figures can be found in the supplementary material), we can derive the criterion, i.e., if OB > OG, then the state we discussed is steerable. There are experimental errors in measuring the corresponding experimental values. We need to find the minimum value of OB −OG by scanning the region given by the measured value with the corresponding errors. The final criterion is then given by the form of inequation (4) .
In our experiment, we prepare two kinds of polarization entangled states to demonstrate the EPR steering game
where 0 ≤ η ≤ 1. Here, |Ψ(θ) = cos θ|HH + sin θ|V V and |Φ(θ) = cos θ|V H +sin θ|HV , where |H denotes the horizontal polarization of the photons and |V denotes the vertical polarization. Our experimental setup is shown in Fig. 2 . The entangled photon pairs are generated via spontaneous parametric down conversion (SPDC) [21] . The two-photon states ρ 1 and ρ 2 are prepared by Alice using the unbalanced Mach-Zehnder (UMZ) interferometer setup [1] which is explained in detail in the supplementary material [19] . The unit consisting of a quarter-wave plate (QWP) and a HWP, denoted as Mu, is used to set the measurement direction n. Single-photon detectors (SPD) equipped with 3 nm interference filters (IF) are used to count the photons. The electric signal from the SPD on Alice's side is divided into two parts. One part is used as the trigger signal for the function generator (FG) while the other part is sent to the coincidence unit. The photon sent to Bob is then delayed by a 50 m long single mode fiber (SMF), which works as a quantum memory cell [23] . We use a freespace electro-optic modulator (EOM) (Qioptiq, LM0202 PHAS) on Bob's side to set the measurement basis, which is triggered by the signal from Alice (connected by FG). Phase compensation (PC) crystals compensate for the birefringent effect. The performance quality of the quantum memory cell and EOM in the absence of a signal from Alice is characterized using quantum process tomograph [2] [3] [4] , with a resulting experimental fidelity of about 0.9802 ± 0.0057 [19] . The state of the photon on Bob's side is analyzed by a QWP, HWP and a polarization beam splitter (PBS). The results detected by detector D1 are denoted as P + and P − (successful probabilities) and the results detected by D2 are denoted by P + and P − (error probabilities). For the kind of states ρ 1 , Alice measures along the x direction, which leads to two different pure NCS on Bob's side. The eigenvectors of the projector σ x are 1/ √ 2(|H + |V ) and 1/ √ 2(|H − |V ). The corresponding NCS for Bob will be cos θ|H + sin θ|V and cos θ|H − sin θ|V , with the detected probabilities denoted as P + and P − , respectively. When θ = 0 or θ = π/2, the steering game fails, as the initial states represent separable states (i.e., Bob's two NCS are now both equal to |H or |V ). We first show the experimental results for four initial situations, with η = 1 (different θ), and θ = π/6, θ = π/4 and θ = π/3 (different η) shown in Fig. 3(a) -(d), respectively. For each case, the errors (supported by the LHS model) are low. As a result, the AVN demonstration of the steering game is over if Alice and Bob share an entangled state. To check the result, the measurement direction chosen by Alice is z, which is orthogonal to x. Bob obtains the maximum value of W by scanning angle θ B (i.e., φ B is zero). Fig. 3(e) shows some of the experimental results. The angle θ B required to obtain the maximal value of W depends on the initial conditions. According to the LHS model, the upper bound is C LHS = (1 + | cos 2θ|)/4, while the quantum prediction for
2 θ with θ B being π. The value of ∆ = W max − C LHS which should not be larger than 0 according to the LHS model is shown in the supplementary material [19] . According to the AVN criterion, the steering game is successful when ∆ > 0 as well as P + = 1, P + = 0 and P − = 1, P − = 0. However, in practice, P ± < 1 and P ± > 0. Then we should check whether the inequation (4) is violated or not. Fig. 3(f) shows the value of ∆ . Taking the noise into consideration, we find that for some states, the steering game fails according to the new criterion. To clarify this fact, the not steerable states are marked by the hollow points while the steerable states are marked by the solid points in Fig. 3(a)-(d) . Note, when θ = 0 or θ = π/2 in the case of η = 1, it is obvious that the state could not be steerable and the ∆ is not shown in the figure as its value is much less than zero.
We further prepared a second kind of states ρ 2 and again implemented the steering game for some states. For these states, Bob's NCS are different pure states if Alice performs the measurement along the z direction. The NCS correspond to |H and |V when the eigenvectors of σ z are |H and |V , respectively. Figs. 4(a)-(d) show the experimental probability of a successful detection and the errors for NCS given corresponding initial parameters of (a) η = 1, (b) θ = π/6, (c) θ = π/4 and (d) θ = π/3. When η = 1 and θ is close to 0, Bob's NCS |V almost vanishes. In fact, Bob can isolate the NCS |H , especially when θ = 0 (product state). We can see that the error probability approaches the success probability for P − as θ approaches 0, and this is the same case for P + when θ = π/2. Therefore, these two states are clearly not steerable. To check the results, Alice and Bob perform a joint measurement, where the measurement direction on Alice's side is x, and Bob scans θ B to maximize W . The experimental result of W as a function of θ B is shown in Fig. 4 situation where P + = 1, P + = 0 and P − = 1, P − = 0. In the experiment, we further check the inequation (4) to confirm whether the states are steerable or not. The value of ∆ is shown in Fig. 4(f) . We can find that some states are verified to be not steerable in the case of two measurement settings. The hollow and solid points represent the not steerable and steerable states, respectively. The states with ρ 1 when θ = 0 or θ = π/2 in the case of η = 1 are product states which are not steerable states and ∆ is much less than zero which is not shown in the figure. In our experiment, error bars are estimated from standard deviations of the values whose statistical variation are considered to satisfy a Poisson distribution.
(e). The quantum prediction is
In conclusion, we experimentally demonstrated, for the first time, an EPR steering game employing an AVN criterion that strictly follows the practical concept of steering. In our experiment, the AVN criterion was dependent on obtaining two different NCS on Bob's side. To check the results, we measured ∆ for all cases. However, ∆ can be randomly checked if Alice and Bob promise that the initial states are entangled to rule out any cheating from a third party, just like in quantum key distribution [27] . Moreover, considering the noise, we develop a new criterion to check the steering. We can therefore verify whether the states are steerable or not depend on the experimental values obtained from the two-setting measurement. Our experimental results provide a particularly strong perspective for understanding EPR steering and has experimental potential applications in the implementation of longdistance quantum information processing [28] [29] [30] . In our experiment, the ultraviolet pulses with a wavelength of 400 nm and a bandwidth about 1.21 nm pump two type-I BBO crystals to generate entangled photon pairs via spontaneous parametric down conversion (SPDC). And two kinds of unbalanced Mach-Zehnder (UMZ) interferometers are used to prepare the initial states shown in the equation (5) in the main text. A similar method has been used in our previous experiment [1] . Here, we explain how the UMZ interferometers work.
The UMZ interferometer (a) in Fig. 2 in the main text is a kind of polarization-independent interferometer including two polarization-independent beam splitters (BS). The polarization state is separated into two parts by the first BS. We can then conveniently apply suitable single qubit unitary operation to the photon passing through the long arm or short arm, and obtain the corresponding two-photon state. The relative amplitude of the two parts can also be conveniently adjusted by inserting a shutter into one of the two arms. For example, we can implement a half-wave plate (HWP) with the angle setting at 45
• in the long arm (i.e., HWP2 in the main text) which rotates |H to |V and |V to |H . For the initial input state |Ψ(θ) = cos θ|HH + sin θ|V V where θ is the angle of the HWP1 in the main text, the state in the long arm becomes |Φ(θ) = cos θ|V H + sin θ|HV . We do nothing in the short arm and the state remains |Ψ(θ) . These two parts then combine again by the second BS. The time difference between the long arm and short arm is much larger than the coherence time of the photons (about 0.711 ps), which is traced over during the detection. The state prepared by Alice can then be written as
where η represents the relative amplitude of these two arms.
To prepare ρ 2 , a polarization-dependent UMZ interferometer (b) which consists of two polarization beam displacers (BD) is inserted into the long arm of the UMZ interferometer (a). In such case, the HWP (i.e., HWP2 in the main text) is set to be 0
• and the state remains |Ψ(θ) . The UMZ interferometer (b) further separates the parts of |HH and |V V . The relative amplitude between these two parts can be adjusted conveniently by inserting a shutter into one of the arms (in this experiment, the amplitudes are adjusted to be equal to each other). There are time differences when |HH and |V V combine again by the second BD. To further completely distinguish the arrival time of |HH and |V V , we implement a thick quartz plate, in which the horizontal and vertical polarization components have different velocities. After these two UMZ interferometers, the time differences among the three parts of |Ψ(θ) , |HH and |V V are all larger than the coherence time of the photons, which are traced over during the detection. The final state for ρ 2 reads as
Time delay in the classical channel
The 50 m single-mode fiber has a refractive index of about 1.5, and provides a time delay of about 250 ns for Bob to respond to Alice's signals. The time delays in the classical channel includes the rising time of the signals from the single-photon detector (∼10 ns), the function generator (∼5 ns), the driver of the electrooptic modulator (EOM) (∼22 ns), the response time of the function generator (∼15 ns) and the driver (∼150 ns). Therefore, the minimal transmission time of the signal from Alice to Bob is less than the amount of time the photon could be stored in quantum memory. To count photons within the coincidence window (∼3 ns), a coaxial-cable with a length of about 45 m is used to transmit the electric signals detected by Alice.
Quantum process tomography on Bob's side
The experimental setup in Bob's side includes a 50 m single mode fiber (SMF) which serves as a quantum memory and a free-space electro-optic modulator (EOM) which is used to respond to the high speed electrical signal sent from Alice and changed the measurement settings. Two HWPs are used to compensate the basis rotation in the single-mode fiber. We use a crystal to compensate for birefringence caused by the EOM. To characterize the performance of these components, we employed a quantum process tomography approach [2] [3] [4] . The operator basis (E i ) was chosen to include the identity operation (I) and the three Pauli operators (X, Y and Z). The operator of the combined unit can be written as
where χ is a complex matrix describing the process ε ρ . In our experiment, we estimated χ using the maximumlikelihood procedure [4] with the results shown in Fig. S1 . The fidelity calculated from (T r √ χχ ideal √ χ) 2 with χ ideal = I is about 98.02% ± 0.57%. 
More experimental results

Results for states ρ1
Figure. S2 shows the experimental results for the initial state of cos θ|HV + sin θ|V H (η = 0 in ρ 1 ). The detected probabilities are shown in Fig. S2(a) . In the figure, the blue squares and black circles represent the values of P + and P + , respectively while the green triangles and red stars represent the values of P − and P − , respectively. The values of P + and P − are small, and correspond to the error in detecting the pure normalized conditional states (NCS) on Bob's side. Fig. S2(b) shows the value of ∆. The red dots represent the experimental results with the black solid line representing the corresponding theoretical prediction. While Fig.  S2(c) shows the values of ∆ which involves the noise in the experiment. Note, when θ = 0, π/2 and π, the state is not steerable obviously and ∆ is not shown in the figure. We also measure ∆ of other states of ρ 1 and the values are shown in Fig. S2(d) . We can see that ∆ > 0 as shown in Fig. S2(b) and (d) . According to the new criterion, the states with ∆ ≤ 0 are checked to be not steerable.
Results for states ρ2
Fig . S3 shows the values of ∆ for the states of ρ 2 with the initial parameters of θ = π/6, π/3 and π/4. Although ∆ is larger than zero, some states are checked to be not steerable according to the new criterion with experimental errors taking into consideration.
The new criterion dealing with the noise
The All-Versus-Nothing (AVN) criterion demands that two different pure states are received by Bob. However, in practice, this result can not be achieved. Noise and measurement statistics mean that one can not be sure that the measured state is indeed pure. We develop a theoretical method to deal with the experimental errors involving in the application of the AVN criterion. Before we present this more general criterion, let us make some definitions and prove some lemmas first.
As show in Fig.(S4) , ρÂ a (Â ∈ {x,ẑ},a ∈ {0, 1}) is the conditional state at Bob's side after Alice's measurement. ρA, ρB, ρC and ρD stand for ρx 1 , ρx 0 , ρẑ 0 and ρẑ 1 respectively. Mi (i = 1, 2, 3, 4) are given by the experiment result. The length of Mi are ri, which satisfy r1 = 1 − 2 W1 , r2 = 1 − 2 W2 , r3 = 2 W3 − 1 and r4 = 2 W4 − 1. γ1 are the angle between M1 and z-axis, similar is the γ2, they are determined by the measurement direction of Bob. Tangents τi is perpendicular to Mi and pass it.
are land on τ i respectively. Based on this constraint we can find a criterion to demonstrate steering nonlocality. Let us consider the ideal case first, suppose γ 1 = γ 2 = γ, r 1 = r 2 = r 12 and M 3 , M 4 are on z-axis. Now we present the lemmas which are used in the derivation of the criterion. Definition 1. A local hidden state model (LHSM) of Alice to steer Bob's states is a quantum state ensemble {℘ ξ ρ ξ } which gives:ρÂ
whereρÂ a is the conditional states of Bob after Alice measuresÂ and gets result a ∈ {0, 1}, the tilde here denotes this state is unnormalized and its norm is PÂ a , the probability associated with the output a. ρ ξ is the "hidden state" at Bob's side specified by the parameter ξ and ℘ ξ is its weight in the ensemble, ℘(a|Â, ξ) is the probability associated with a stochastic map from ξ to a which satisfies positivity. Definition 2. A deterministic local hidden state model (dLHSM) is a LHSM which satisfies ℘(a|Â, ξ) ∈ {0, 1}, ∀Â, ξ, a. Lemma 1.-For any given two qubit state ρ AB , if there is a LHSM for ρ AB then there is a dLHSM for ρ AB . The proof could be found in Ref. [5] . Lemma 2.-For a dLHSM, Eq. (S4) can be rewritten as PÂ a ρÂ a = ξ∈HÂ a ℘ ξ ρ ξ . Here, HÂ a stands for the set of all hidden states which have a contribution to ρÂ a , HÂ a = {ξ | ℘(a|Â, ξ) = 1}. Lemma 2 says this equality holds if and only if the following equalities hold:
where − → r aÂ and − → r ξ stand for the Bloch vectors of ρÂ a and ρ ξ respectively. See the proof in [5] . Notice that Eqs. (S5) is similar to the definition of the center of mass if we treat the probabilities ℘ ξ and PÂ a as masses and Bloch vectors ( − → r ξ and − → r aÂ )
as position vectors of various masses. Lemma 2 shows the task of finding a dLHSM description for a state ρÂ a with probability PÂ a is equivalent to find a distribution of masses in the Bloch sphere whose total mass is PÂ a and whose center of mass is located at − → r aÂ . Those two requirements give constraints to the possibility of finding a dLHSM, for different measurement settings.
If we cannot find a dLHSM for ρ AB , lemma 1 shows that we cannot find a LHSM neither, thus affirming the steerability of ρ AB . Lemma 3.-For any given two-qubit state ρ AB in a Nsetting protocol, if there is a LHSM for ρ AB , then there is a dLHSM with the number of hidden states no larger than 2 N . In the two setting case we consider here, as show in Fig.(S5) , lemma 3 says 4 hidden states H i (i = 1, 2, 3, 4) is enough, their probability are P i . Eqs. (S5) could rewriter as:
Lemma 3 tells us if there isn't an ensemble {P i H i } which makes Eqs. (S6) hold then the state we discussed is steerable. The proof could find in Ref. [5] . 
Proof of Lemma 5.-Let us prove it by constructing the required {P i H i }, A , B , C , D and P j .
To prove this lemma we need check two requires, the first one is A , B , C , D is on τ i respectively. Take A for example, notice that A and {−B x , B z } are on τ 1 , so A as their convex combination also on τ 1 . The others could be checked similarly. Next we need to check it satisfy Eqs. (S6). Take the first equation for example, according to the definition we get
thus P 1 + P 4 = P A . And Thus the state ρ AB we discussed is steerable. Proof of the Criterion.-The proof is quite intuitive, see Fig.(S6) , lemma 5 tales us if exists LHSM satisfy the experimental result then it always exists a LHSM form as an isosceles trapezoid. Notice that H 1 , H 2 are on τ 3 and H 3 , H 4 are on τ 4 thus if |OB| > |OG| then the requirement P B B = P 2 H 2 + P 3 H 3 can not be satisfied. Thus the state we discussed is steerable. While, if |OB| ≤ |OG|, it is easy to see we could find a LHSM to simulate the results in our experiment. The experiment data will determine M i , τ i and P D . Using this criterion we could confirm whether those data demonstrate steering. Before we using this criterion to our experiment result, we need to deal with the experiment errors first. There are two kinds of errors: the first one is given by the measured values W i . This type of errors will make τ i no more a tangent but has a width which is given by the corresponding error. In the case r 1 = r 2 , notice that all of the lemmas will still hold if we ask r 12 = M in{r 1 , r 2 }. Similarly, the errors of W 3 , W 4 only makes r 3 , r 4 a little bit smaller and the criterion still available. The second kind of errors is given by γ 1 = γ 2 and M 3 , M 4 may not on z-axis. This type of errors will broken the symmetry required in the proof and makes the criterion invalid. While, we could turn the second type of errors to the first type of errors, and make the criterion still available. As Fig.(S7) shows, suppose γ 1 = γ 2 and M 4 is not on z-axis. (We could always assume M 3 is on z-axis, because in all of our proofs we just used the relative locations.) Let us define M i = {−M ix , M iz } (i = 1, 2, 4) and τ i is given by M i . τ are symmetry as the criterion required. After the symmetrization of the errors we could check whether our experiment data demonstrate the steering nonlocality. The value of (|OB| − |OG|) min minimizes over the region given by the measured value with the corresponding errors. If it
